Abstract Hypercholesterolemia is a risk factor for coronary heart disease (CHD) and also could contribute to impaired immune response. The National Cholesterol Education Program Expert Panel recommends a therapeutic lifestyle change (TLC) diet to reduce the risk for CHD. We investigated the effects of changing from a high-fat Western diet to a low-fat diet in accordance with a TLC diet on immune functions of older adults with hypercholesterolemia to determine whether improving the lipid profile via dietary intervention would have beneficial effects on immune functions. In a double-blind study, 18 subjects consumed both a Western diet (38% fat) and a TLC diet (28% fat) for 32 days in a randomized order. Measures of cellular immune responses, including delayed-type hypersensitivity (DTH) response, in vitro lymphocyte proliferation, and interleukin (IL)-2 production, and production of proinflammatory mediators, including tumor necrosis factor-␣ , IL-6, IL-1 ␤ , and prostaglandin E 2 , were determined. DTH response and lymphocyte proliferative response increased significantly (29% and 27%, respectively) after consumption of a TLC diet. Research from animal, epidemiologic, and genetic disorder studies indicates that elevated LDL cholesterol is a major cause of coronary heart disease (CHD). These studies show that not only is hypercholesterolemia a main risk factor for the development of atherosclerosis, it can also contribute to impaired immune response against infections. Loria, Kibrick, and Madge (1) showed that hypercholesterolemia induced by a diet high in cholesterol can alter the host defense against coxsackievirus B, as higher mortality, marked suppression of cellular infiltrates in infected tissue, and extensive pathology, including focal necrosis in liver, cholelithiasis, and cardiomyolysis were observed in hypercholesterolemic compared with normal mice. In a study by Kos et al. (2), hypercholesterolemia was associated with a 40-fold increase in susceptibility to Listeria monocytogenes infection and decreased antibody response to sheep erythrocytes in vivo. Netea et al. (3) showed that hyperlipoprotenemia due to the loss of the LDL receptor (LDLR) in LDLR-deficient (LDLR Ϫ / Ϫ ) mice had deleterious effects on the outcome of severe Candida albicans infection, including earlier death and higher outgrowth of C. albicans in the kidneys and liver, compared with wild-type littermates. In addition, the study by Ludewig et al. (4) using apolipoprotein E (apoE)-deficient mice or LDLR Ϫ / Ϫ mice models showed that hypercholesterolemia had a significant suppressive effect on cellular immunity. Activation of antiviral cytotoxic T lymphocytes (CTLs), measured by ex vivo cytotoxicity and IFN-␥ production, and recruitment of specific CTLs into blood and liver were impaired following lymphocytic choriomeningitis virus (LCMV) infection in hypercholesterolemic mice.
Research from animal, epidemiologic, and genetic disorder studies indicates that elevated LDL cholesterol is a major cause of coronary heart disease (CHD). These studies show that not only is hypercholesterolemia a main risk factor for the development of atherosclerosis, it can also contribute to impaired immune response against infections. Loria, Kibrick, and Madge (1) showed that hypercholesterolemia induced by a diet high in cholesterol can alter the host defense against coxsackievirus B, as higher mortality, marked suppression of cellular infiltrates in infected tissue, and extensive pathology, including focal necrosis in liver, cholelithiasis, and cardiomyolysis were observed in hypercholesterolemic compared with normal mice. In a study by Kos et al. (2) , hypercholesterolemia was associated with a 40-fold increase in susceptibility to Listeria monocytogenes infection and decreased antibody response to sheep erythrocytes in vivo. Netea et al. (3) showed that hyperlipoprotenemia due to the loss of the LDL receptor (LDLR) in LDLR-deficient (LDLR Ϫ / Ϫ ) mice had deleterious effects on the outcome of severe Candida albicans infection, including earlier death and higher outgrowth of C. albicans in the kidneys and liver, compared with wild-type littermates. In addition, the study by Ludewig et al. (4) using apolipoprotein E (apoE)-deficient mice or LDLR Ϫ / Ϫ mice models showed that hypercholesterolemia had a significant suppressive effect on cellular immunity. Activation of antiviral cytotoxic T lymphocytes (CTLs), measured by ex vivo cytotoxicity and IFN-␥ production, and recruitment of specific CTLs into blood and liver were impaired following lymphocytic choriomeningitis virus (LCMV) infection in hypercholesterolemic mice.
Change in lifestyle, including diet therapy, has been shown to be effective in lowering cholesterol levels, which may lead to a decrease in the risk for CHD in some populations (5, 6) . Furthermore, the National Cholesterol Education Program (NCEP) Expert Panel on detection, evaluation, and treatment of high blood cholesterol in adults (Adult Treatment Panel III) recommends therapeutic lifestyle changes (TLCs), including a TLC diet as a first line of therapy for clinical management of high blood cholesterol levels, except for those with CHD or a high risk of CHD who would be required to start drug therapy simultaneously with TLC (7) . The major dietary components that raise LDL cholesterol are saturated fatty acids, trans fatty acids, and cholesterol (8, 9) . Adult Treatment Panel III recommends 25-35% of total calories from fat, less than 7% of total calories as saturated fat, up to 10% of total calories from polyunsaturated fat, up to 20% of total calories from monounsaturated fat, and less than 200 mg/day of cholesterol.
In the present study, we investigated the effects of highfat Western diet and low-fat TLC diet on immune functions of older adults with elevated serum LDL cholesterol levels to determine whether improving the lipid profile via dietary intervention would have beneficial effects on immune functions as well.
METHODS

Subjects
Eleven women and seven men over the age of 50 years with moderately elevated LDL cholesterol levels ( Ͼ 1.3 g/l, 3.36 mmol/l) were included in the study. All 18 subjects had no evidence of any chronic illness, including endocrine, hepatic, renal, thyroid, or cardiac dysfunction and had normal serum glucose levels after fasting. None of the subjects smoked or were taking medications known to affect serum lipid levels or nonsteroidal anti-inflammatory drugs such as aspirin. Subjects who were taking any dietary supplements known to affect immune functions were excluded from the study. All women participating in the study were postmenopausal, and none were taking hormone replacement therapy. The characteristics of the subjects at the time of screening are shown in Table 1 . This protocol was approved by the Human Investigation Review Committee of the New England Medical Center and Tufts University, and all subjects gave written informed consent.
Study design and diets
This study was composed of two 32 day phases, with a minimum interval of 2 weeks between diet phases, during which period of time the subjects consumed either their habitual diets ad libitum or an alternate experimental diet. All subjects were provided with a diet (termed Western diet) designed to approximate that consumed by those individuals not complying with current dietary recommendations and a diet (termed TLC diet) consistent with NCEP (Adult Treatment Panel III) recommendations.
Previous work has indicated that under the specified study conditions, plasma lipid levels at the end of each 5 week period were independent of diet order or intervening phases (10) . Additional diets were included in the randomized scheme but were not included in this analysis (9) . The subjects were encouraged to maintain their habitual level of physical activity throughout the study period.
The Western diet was designed to provide 17% of calories as protein, 45% as carbohydrate, and 38% as fat (16% saturated, 15% monounsaturated, and 7% polyunsaturated), and 164 mg cholesterol per 1,000 kcal. The TLC diet was designed to provide 16% of calories as protein, 56% as carbohydrate, and 28% as fat (7% saturated, 8% monounsaturated, and 13% polyunsaturated) and 66 mg cholesterol per 1,000 kcal. All food and drink was provided by the Metabolic Research Unit of the Jean Mayer US Department of Agriculture Human Nutrition Research Center on Aging at Tufts University to be consumed on site or packaged for take-out. Subjects were required to consume all that was provided to them and not to supplement with any other food or drink with the exception of water and noncaloric beverages. Initial caloric levels were estimated with the use of the Harris-Benedict formula and were adjusted, when necessary, to maintain body weight. The mean ( Ϯ SE) energy intake was 2,108 Ϯ 60 kcal for the women and 2,863 Ϯ 258 kcal for the men. Analysis of protein, carbohydrate, fatty acid, and cholesterol contents of the diets was carried out by Covance Laboratories (Madison, WI).
Delayed-type hypersensitivity skin test
Delayed-type hypersensitivity (DTH) skin test was assessed with Multi-test CMI (Merieux Institute, Inc., Miami, FL), with a single-use disposable applicator of acrylic resin with eight heads loaded with glycerine control and the following seven recall antigens: tetanus toxoid, diphtheria toxoid, Streptococcus (group C), Mycobacterium tuberculosis , C. albicans , Trichophyton metagrophytes , and Proteus mirabilis . The diameter of positive reactions was measured at 24 h and 48 h after administration of the test. Maximal induration, the highest response of the two time points for each antigen, was used to calculate the cumulative score. The antigen score was calculated as the total number of positive antigens, and the cumulative score was calculated as the total diameter of induration of all positive reactions. An induration of у 2 mm was considered positive. If a positive reaction to the glycerine control was observed, the diameter of its induration was subtracted from all the other positive reactions. The test was administered by the same nurse for each subject, and the diameter of induration was measured by the same person. No boosting effect was reported with repeated administration of Multi-test CMI (11) .
Isolation of mononuclear cells
Peripheral blood mononuclear cells (PBMCs) were separated from heparinized blood as previously described by centrifugation over Ficoll-Hypaque (11) . Cells were counted and resuspended at appropriate concentrations in RPMI 1640 supplemented with 100,000 U/l penicillin, 100 mg/l streptomycin, 2 mmol/l l -glutamine, and 24 mmol/l HEPES (Gibco Laboratories, Grand Island, NY) (complete RPMI) for cultures to measure lymphocyte proliferation and to induce cytokine and prostaglandin E 2 (PGE 2 ) production. Plasma isolated was heat inactivated at 56 Њ C for 30 min to be used as autologous plasma in the cell cultures.
Complete blood count, white cell differential, and flow cytometric analysis
A complete blood count was obtained using a hematology analyzer (model Baker 9000; Serono-Baker Instrument, Inc., Allentown, PA), and the white cell differential was assessed by micro- Values are means Ϯ SE. a Women, n ϭ 11; men, n ϭ 7; all subjects, n ϭ 18.
by guest, on October 20, 2017 www.jlr.org Downloaded from scopic examination of blood smears after Wright-Giemsa staining. Flow cytometric analysis was done as described (12) before using the following antibodies: anti-Leu-4 FITC (CD3), anti-Leu-3 FITC (CD4 ϩ ), anti-Leu-2a PE (CD8 ϩ ), and anti-Leu-12 PE (CD19 ϩ ).
Lymphocyte proliferation
Lymphocyte proliferation was measured by [ 3 H]thymidine incorporation after stimulation with T and B cell mitogens. PBMCs were incubated in 96-well flat-bottom plates at 5 ϫ 10 9 cells/l (final concentration) in complete RPMI 1640 with 5% autologous plasma and different concentrations of mitogens for 72 h at 37 Њ C in an atmosphere of 5% CO 2 and 95% humidity. Final mitogen concentrations were 2.5, 5, 25, 50, and 100 mg/l for concanavalin A (ConA) (Sigma Chemical Co., St. Louis, MO), 0.5, 5, and 50 mg/l for phytohemagglutinin (PHA) (Difco Laboratories, Detroit, MI), and 0.000625%, 0.0025%, and 0.0075% for Staphylococcus epidermis . Each well was pulsed with 0.5 Ci of [ 3 H]thymidine (New England Nuclear, Boston, MA) in 20 l for the last 4 h of the 72 h incubation. Cells were harvested onto glass microtiter filter paper using a cell harvester (Cambridge Technologies, Inc., Cambridge, MA) and radioactivity incorporation was counted in a liquid scintillation counter (Beckman Instruments, Inc., Palo Alto, CA). The results are reported as corrected cpm, which is the average cpm of mitogen-stimulated cultures minus the average cpm of cultures without mitogens.
Interleukin-2 production
PBMCs, at 1 ϫ 10 9 cells/l (final concentration) in complete RPMI with 9% autologous plasma, were cultured with 10 mg/l (final concentration) of ConA or PHA for 48 h in 24-well flat-bottom plates. Cell-free supernatants were collected and stored at Ϫ 70 Њ C for analysis. Interleukin (IL)-2 activity was measured by bioassay using CTL line 2 (13) . Protein levels of IL-2 were also measured using ELISA according to the manufacturer's instructions with mouse anti-human IL-2 monoclonal antibody (MAb) (PharMingen, San Diego, CA) and biotinylated anti-human IL-2 MAb.
PGE 2 production
PBMCs, at 1 ϫ 10 9 cells/l (final concentration) in complete RPMI with 9% autologous plasma, were cultured with 10 mg/l or 100 mg/l (final concentration) of PHA for 48 h in 24-well flat-bottom plates. Cell-free supernatants were collected and stored at Ϫ 70 Њ C for analysis. PGE 2 was measured by radioimmunoassay as described by McCosh, Meyer, and Dupont (14) . The PGE 2 antibody was provided by Dr. Dupont of Florida State University, Tallahassee and Dr. Mathias of the Agricultural Research Service in Washington, DC. The antibody has a cross-reactivity of 19% with PGE 1 .
IL-1 ␤ , IL-6, and tumor necrosis factor-␣ production
PBMCs, at 2.5 ϫ 10 9 cells/l (final concentration) in complete RPMI with 1% autologous plasma, were cultured with 1 g/l lipopolysaccharide (LPS) ( Escherichia coli 0111:B4; Sigma) for 24 h in 24-well flat-bottom plates. Cell-free supernatants were collected and stored at Ϫ 70 Њ C for analysis. IL-1 ␤ was measured by radioimmunoassay (15) . Antibody to IL-1 ␤ was purchased from Cistron Biotechnology (Pine Brook, NJ). Recombinant IL-1 ␤ was purchased from Genzyme (Cambridge, MA). 125 I-labeled IL-1 ␤ was purchased from DuPont NEN. IL-6 and tumor necrosis factor-␣ (TNF-␣ ) were measured by ELISA, according to the manufacturer's instructions, with rat anti-human IL-6 or mouse anti-human TNF-␣ MAbs (PharMingen) and biotinylated rat anti-human IL-6 or biotinylated mouse anti-human TNF-␣ .
Serum C-reactive protein and IL-6 levels
Serum C-reactive protein (CRP) level was measured by a Tinaquant CRP (Latex) high-sensitive immunoturbidimetric assay (Roche Diagnostics Co., Indianapolis, IN) using a Hitachi 911 automated analyzer (Roche Diagnostics Co.). Serum IL-6 level was measured using BD OptEIA Human IL-6 ELISA kit (BD Biosciences, San Diego, CA).
Serum lipoprotein cholesterol levels
VLDL was isolated from serum by ultracentrifugation at 109,000 g at 4 Њ C (16). Serum and the infranatant (1.006 g/ml) were assayed for total cholesterol and triglyceride with a biochromatic analyzer (model CCX, Spectrum, Incastar, Stillwater, MN) with enzymatic reagents (17) . Serum HDL cholesterol was measured in the supernatant fraction after precipitation of lipoproteins containing apoB with the use of dextran-magnesium sulfate (18) . Lipid assays were standardized through the Lipid Standardization Program of the Centers for Disease Control and Prevention (Atlanta, GA).
Statistical analysis
Data were analyzed using the SYSTAT statistical package (SYS-TAT 9.0, 1999; SYSTAT, Inc., Evanston, IL). A paired Student's t -test was carried out to test for the differences between outcome measures after Western and TLC diet consumption. Significance was set at P Ͻ 0.05. Appropriate transformations were done to measures that were not normally distributed.
RESULTS
Serum lipoprotein cholesterol levels
Levels of serum lipoprotein cholesterol and triglyceride after consumption of Western or TLC diets are shown in Table 2 . Consumption of the TLC diet compared with the Western diet resulted in significant decreases in total cholesterol (8%), LDL cholesterol (10%), and HDL cholesterol (6%). Serum triglyceride level increased significantly (P Ͻ 0.05, 19% increase) following consumption of a TLC diet. There were no significant differences in the serum VLDL level or total cholesterol-HDL cholesterol ratio between the two diet groups. White blood cell number and subpopulation There was no significant difference in the total number of white blood cells and lymphocytes determined by differential cell counts following consumption of either diet (data not shown). As shown in Table 3 , consumption of the TLC diet did not have significant effects on the lymphocyte subpopulation as compared with the Western diet.
DTH skin response and lymphocyte proliferation
As shown in Fig. 1 , DTH skin response increased significantly after consumption of a TLC diet compared with the Western diet (P ϭ 0.002, 31% increase). Fourteen out of the 17 subjects tested showed an increase in the maximal induration index after consumption of the TLC diet. There was no difference in the maximal number of positive antigens; however, the number of positive responses at 24 h after antigen administration was significantly higher following consumption of the TLC diet compared with the Western diet (6.1 Ϯ 0.2 vs. 5.3 Ϯ 0.4, P ϭ 0.04).
As shown in Fig. 2 , lymphocyte proliferative response to T cell mitogen PHA increased significantly following consumption of the TLC diet. Consuming the TLC diet resulted in 27% (P ϭ 0.03) and 13% (P ϭ 0.07) higher proliferative responses to PHA, at 50 mg/l (superoptimal) and 5 mg/l (optimal) concentrations, respectively, relative to consumption of the Western diet. Proliferative response to ConA was higher (22% higher, P ϭ 0.07) at a suboptimal ConA concentration (5 mg/l, data not shown). Proliferative response to B cell mitogen S. epidermis was not significantly different between the two diet groups (data not shown).
IL-2, PGE 2 , IL-1␤, IL-6, and TNF-␣ production
There were no significant differences in ConA-or PHAstimulated IL-2 or PHA-stimulated PGE 2 production by PBMCs after consumption of the TLC or Western diets ( Table 4) . PHA-stimulated IL-2 levels determined by bioassay correlated significantly (r ϭ 0.850, P Ͻ 0.001, n ϭ 36) with those determined by ELISA, indicating that biologically active IL-2 correlated tightly with protein levels.
Likewise, there were no significant differences in LPSstimulated IL-1␤, IL-6, or TNF-␣ production by PBMCs after consumption of the TLC or Western diets ( Table 5) .
Serum CRP and IL-6 levels
Dietary modification had no significant effect on serum levels of CRP and IL-6 (Table 5 ).
DISCUSSION
Results from the present study indicate that consumption of a TLC diet can enhance the cellular immune response in older adults with elevated LDL cholesterol levels. The levels of total and LDL cholesterol of the subjects in this study were in the "high" classification category according to the Adult Treatment Panel III classification of LDL, total, and HDL cholesterol. Animal studies have shown that diet-or genetically induced hypercholesterolemia can increase susceptibility to Coxsackievirus B and L. monocytogenes and lead to a substantial impairment of antiviral cellular responses, leading to delayed viral clearance from spleen and nonlymphoid organs in LCMV (1, 2, 4) . In addition to their hypercholesterolemic status, the average age of the subjects in the present study was over 60. These factors are likely to contribute adversely to the optimal immune response. It is well documented that immune functions deteriorate with aging, with the most significant changes observed in T cell function (19) . Therefore, increase in T cell-mediated immune function following consumption of a TLC diet suggests that the benefits of eating diets low in saturated fat and cholesterol might go beyond their effect on improving lipids in older adults with moderate hypercholesterolemia.
Both quantity and quality of dietary fat have been shown to modulate immune responses. Significant increases in proliferative responses to PHA, ConA, and Pokeweed mitogens were observed after consumption of diets containing 31.1% or 26.1% of energy as fat compared with the diets containing 41.1% of energy as fat in healthy women (20) . However, DTH response to seven recall antigens was not significantly affected by the total amount of fat in the diet in the above study. Pedersen et al. (21) showed that natural immunity might be affected by the fat content in the diet during exercise training. Natural killer cell activity in response to endurance training decreased in the group consuming a fat-rich diet (62% energy as fat) for 7 weeks and was increased in the group consuming a carbohydrate-rich diet (65% energy as carbohydrate). On the other hand, Venkatraman et al. (22) did not observe any deleterious effects of high fat intake (41%) on the immune functions of the well-trained runners compared with the low fat intake (17%). Quality of dietary fat was shown to influence cellular membrane fatty acid composition (23) and to result in alteration of eicosanoid biosynthesis, because membrane arachidonic acid, a desaturation and elongation product of linoleic acid, serves as the substrate for the production of eicosanoids, leukotrienes, and prostaglandins (24) . Eicosanoids play an important role in regulating immune and inflammatory responses. Dietary fatty acids can regulate immune and inflammatory responses by modulating signaling pathways (25) . Recently, saturated fatty acids have been shown to activate nuclear transcription-B and to induce expression of cyclooxygenase (Cox)-2, inducible nitric oxide synthetase, and IL-1␣ (26) .
Following consumption of a TLC diet, the serum lipid profile improved significantly. While both total cholesterol and LDL cholesterol levels remained in the "high" classification category according to the Adult Treatment Panel III classification of LDL, total, and HDL cholesterol following the Western diet consumption, their levels registered in the "borderline high" category following the TLC diet consumption. Despite the decrease in total cholesterol levels, the total cholesterol-HDL cholesterol ratio was not significantly different between the two dietary groups, which is attributable to the decrease in HDL cholesterol levels following consumption of the TLC diet.
In this study, DTH response and lymphocyte proliferative response to the T cell mitogen PHA were significantly higher following consumption of the TLC diet compared with the Western diet; meanwhile, consumption of the TLC diet did not have a significant effect on B cells. This significant increase in T cell-mediated immunity following consumption of a TLC diet might have clinical benefits for this subject population. Wayne et al. (27) reported that anergy (response to all four antigens being less than 5 mm induration at 48 h) was associated with subsequent all-cause mortality in a group of initially healthy subjects over 60. In this study, two subjects showed anergic response (response to all seven antigens being less than 5 mm maximal induration) after consumption of the Western diet while none of the subjects showed anergic response following consumption of the TLC diet. In addition, the a Cell-free supernatant was collected, then IL-2 activity was measured by bioassay using cytotoxic T lymphocyte line.
b Cell-free supernatant was collected, then IL-2 activity was measured by ELISA. LPS at 1 g/l 2.9 Ϯ 0.4 2.7 Ϯ 0.5 CRP, C-reactive protein; LPS, lipopolysaccharide; TNF-␣, tumor necrosis factor-␣. Values are means Ϯ SE, n ϭ 18. For determination of IL-1␤, IL-6, and TNF-␣ production by PBMCs, PBMCs at 2.5 ϫ 10 9 cells/l (final concentration) in complete RPMI with 1% autologous plasma were cultured with LPS or Staphylococcus epidermis at indicated concentrations for 24 h in 24-well flat-bottom plates. Cell-free supernatant was collected, then IL-1␤ was measured using radioimmunoassay, and IL-6 and TNF-␣ were measured by ELISA.
by guest, on October 20, 2017 www.jlr.org Downloaded from average number of antigens that showed greater than 5 mm induration response was significantly higher after consumption of TLC diet compared with the Western diet (3.5 Ϯ 0.32 vs. 2.5 Ϯ 0.34; P Ͻ 0.001). These enhancements of T cell-mediated immune response following consumption of the TLC diet could not be explained by changes in lymphocyte population or by changes in secretory factors, immunostimulating IL-2, or immunosuppressive PGE 2 , as the percentages of T cells and the T cell subpopulation and production of IL-2 and PGE 2 by PBMCs were not affected by the diet. Moreno et al. (28) reported a significant decline in T cell subset counts (CD3, CD4, and CD8) following low-fat, low-cholesterol diet therapy for 6 months in hypercholesterolemic children aged 7-16 years. In this study, neither the percentage of T cells nor that of B cells changed significantly after consumption of either diet. There was no significant change in T lymphocyte subpopulation. IL-2 plays a critical role in cellular immunity by mediating clonal expansion of activated T cells. Venkatraman et al. (22) showed that the total amount of fat in the diet could affect IL-2 production by PBMCs. IL-2 production by PBMCs was lower in runners who consumed a low-fat diet (17%) for 4 weeks compared with those who consumed a medium-fat (32%) or a high-fat (41%) diet. However, in the present study, the amount of fat in the diet did not have any significant effect on IL-2 production. The differences in results may be due to the differences in the amount of fat in low-fat diets (17% vs. 28% of calories) and the age of the subjects (35 vs. 65).
PGE 2 is an immunosuppressive lipid-based mediator produced by monocytes and macrophages. Increased production of PGE 2 has been suggested to contribute to the age-associated decrease in immune function (29) . Total amount, degree of saturation, and type (n-3 vs. n-6) of fat in the diet were shown to affect PGE 2 production by macrophages. A higher amount of dietary fat, especially a higher amount of n-6 fatty acids, could potentially increase the production of PGE 2 by modulating membrane fatty acid composition and increasing the availability of arachidonic acid as a substrate. However, Broughton and Wade (24) reported suppressed PGE 2 synthesis with higher total fat intake in an animal model. Saturated fatty acids were shown to induce the expression of Cox-2, an enzyme that catalyzes the conversion of arachidonic acid to PGE 2 , while unsaturated fatty acids inhibited saturated fatty acid-induced Cox-2 expression in an in vitro system (26) . In the present study, there was no significant difference in PGE 2 production by PBMCs between the two dietary groups. The Western and TLC diets were different in more than one factor, which could potentially affect PGE 2 production. The Western and TLC diets had differences in the total amount of fat (38% vs. 28% of energy as fat, respectively), and levels of saturated fat (16% vs. 7%, respectively) and polyunsaturated fat (7% vs. 13%, respectively). Therefore, these individual factors may have affected the PGE 2 production in opposite directions, resulting in no overall change in PGE 2 production.
Proinflammatory cytokines, including TNF-␣, IL-1␤, and IL-6 contribute to atherosclerotic processes via their effects on inflammatory responses, expression of adhesion molecules, lipid metabolism, and vascular smooth muscle cell proliferation (30, 31) . Increased blood levels or increased ex vivo production of proinflammatory cytokines have often been reported in hyperlipoproteinemic subjcts. Jovinge et al. (30) reported that plasma TNF-␣ levels correlated positively with the concentration of VLDL triglyceride and cholesterol and negatively with HDL cholesterol in hyperlipidemic patients. In vivo levels of TNF-␣ and IL-1␣ during C. albicans infection and in vitro production of these cytokines by peritoneal macrophages stimulated with inactivated C. albicans were significantly higher in LDLR Ϫ/Ϫ hyperlipoproteinemic mice (3) . In the present study, consumption of the TLC diet did not have a significant effect on production of TNF-␣, IL-1␤, or IL-6 by PBMCs compared with consumption of the Western diet in moderately hypercholesterolemic subjects. Shifting from a Western to a TLC diet did not have a significant effect on blood levels of the inflammatory markers CRP and IL-6.
In conclusion, consumption of a low-fat diet in accordance with a TLC diet, compared with a Western high-fat diet, significantly improved serum lipoprotein profiles and T cell-mediated immune response while it had no effect on B cell function or production of proinflammatory mediators in older adults with moderate hypercholesterolemia. Because hypercholesterolemia has been shown to suppress immune response, and aging is associated with impaired T cell-mediated immune functions, this enhancement of cellular immune response might provide an added benefit to consuming a TLC diet in this subject population.
